This research contains an econometric analysis of energy demand in trade and industry which allows for substitution between electricity and other energy carriers when relative prices change. The presence of substitution suggests that taxation can be a means of changing the energy input mix in a more environmental-friendly direction. For eight subsectors of the Danish economy, time series are modeled by means of partial Cointegrated VARs. Long-run demand relations are identi…ed for all subsectors and robust price elasticities are supported in …ve cases. The results are used in a small impulse-response experiment which suggests a potential for taxation to induce substitution of electricity for fossil-based energy.
Introduction

1
In many European countries energy systems are in a state of ‡ux, transitioning away from fossil-2 based energy towards renewable-based systems. The developments are comprehensive and concern the 3 way in which energy is both produced and consumed. On the supply side, electricity production based 4 on Renewable Energy (RE) sources, like wind, solar, wave, geothermal and tidal, is making substantial 5 progress, and for more than a decade, massive investments in RE generation capacity have already been 6 undertaken in many EU countries. 1 In particular, from 2009 onwards, production capacity in the EU has covering 1966-2011, the paper presents an econometric analysis of the demand for electricity and other 21 energy in eight di¤erent subsectors of the Danish economy. Here, other energy is an aggregate which 22 comprises liquid fuels, non-liquid (coal and coke), gas (natural and gas works gas), district heating and 23 biomass. Together, the subsectors account for the bulk of total industrial energy consumption and 24 aggregate economic activity, and represent the primary -, secondary -and tertiary sectors. The Danish 25 data are known to be of high quality and wide coverage by international standards, and hence, provide a 26 unique opportunity for gaining detailed insights into the dynamics of energy substitution at the subsector 27 level.
28
For each of the eight subsectors, electricity consumption is assumed to be jointly determined with 29 labor, capital, material and other energy. Under simplifying assumptions this is shown to imply that long-30 run electricity consumption depends on the price of electricity and other energy, both relative to the prices 31 of the remaining inputs. The same holds for other energy. Combining this with the statistical assumption 32 that the time series data are non-stationary of the integrated type, naturally suggests a Cointegrated VAR 33 approach (see e.g. Johansen, 1996) . In particular, the present analysis is based on a partial Cointegrated 34 VAR (conditional on heating degree days) for electricity, other energy, as well as their respective prices.
The null hypothesis or working hypothesis tested in this, is the composite hypothesis consisting of demand 36 relations for electricity and other energy, parameterized as two cointegrating relations, and the exogeneity 37 of prices.
38
The literature of studies of energy demand more broadly, which use cointegration techniques, is vast 39 as witnessed, for example, by the survey in Suganthi and Samuel (2012) . Nevertheless, as pointed 40 out in Bernstein and Madlener (2015) , there are surprisingly few analyses concerning the estimation of 41 electricity demand elasticities for industrial consumers. This is particularly true when it comes to analyses 42 of industrial subsector demand, which allow for substitution between electricity and other energy. Most of 43 the related econometric analyses with several types of energy (in addition to electricity) are either based 44 on macro-or aggregate industrial data (see e.g. Nasr et al., 2000; Lee and Chang, 2005; Erdogdu, 2007;  for other energy. The experiment resembles a simple tax reform and describes the combined long-run e¤ect from raising the price of other energy with 25% while at the same time lower the price of electricity, 4 This has been pointed out previously. See e.g. Pesaran et al. (1998) , and more recently Bernstein and Madlener (2015) . 5 An immense number of analyses of energy consumption at the more aggregate (macro) level, have accumulated over the years. See e.g. the surveys, Payne (2010) and Ozturk (2010) . However, for the most part this literature is concerned with the interdependence between total energy consumption and aggregate economic activity (GDP), and not substitution between energy types. 6 For this purpose, work has already been done in connection with the Danish macroeconometric model, EMMA, and I therefore build on this, Møller Andersen et al. (1998) . 7 For an empirical analysis of the impact of changing foreign trade patterns on the energy consumption of the Danish manufacturing industries, see Klinge Jacobsen (2000) research. 8 Together these account for the bulk of total industrial energy consumption and 108 economic activity, and represent the primary -, secondary -and tertiary sectors (see the appendix). Each 109 of the eight subsectors are aggregates of national accounts industries. As mentioned, these aggregations 110 attempt to group the national accounts industry categories into relatively energy homogenous industries.
111 Table 1 shows which particular national account industries are included in each of the eight subsectors. 1 0 Such production function seems reasonable as a working hypothesis when analyzing time series such as the Danish. In particular, it has been used in the large-scale macroeconometric model ADAM of the Danish economy (Knudsen and Smidt, 1994) . With regard to CRS, also note that in the context of several inputs considered, i.e. material, energy, capital and labor, the assumption of CRS seems reasonable. This is relative to more stylized or text book-like production functions which typically have only two inputs, capital and labor. Finally, an output elasticity of unity (as is implied by CRS) has been found previously in the literature. Although dated, see Bentzen and Engsted (1993) and references therein.
112
1 1 See Knudsen and Smidt (1994) (in Danish) , and note also that the variable for economic activity is Gross Output (e.g. analyzed in Berndt and Wood, 1975) whereas it is the de ‡ator with respect to Gross Domestic Product at factor cost, Pt; that is used in the expression for the relative prices of electricity and other energy.
1 2 Acknowledging the presence of the other (non-energy) inputs and adhering to the above assumptions, the equations (1) and (2) should, strictly speaking, be accompanied by a third equation for an aggregate for capital, labor and total energy. However, it can be shown that due to Slutsky symmetry and price homogeneity, which follow from the above cost minimization problem, and the fact that the share of energy of total costs is rather limited for most industries, this equation can in practice be ignored in the estimation without any signi…cant loss of information. 
173
To sum up, the working hypothesis consists of the two long-run relations (1) and (2) Assume that, conditional on the past, x t has a joint Gaussian distribution, i:i:N 5 (0; ); with positive de…nite. Further, suppose that the process of x t given the past has the VAR(2) representation,
for t = 1; 2; ::; T; and which has been written in the Error-Correction-Mechanism (ECM) form and where " t i:i:N 5 (0; ) and D t is a d 1 vector of deterministic components (dummy variables, trend, constant). It is assumed that the characteristic roots, 2 C; always obey either = 1 or j j > 1; where j j denotes the modulus. Thus, if there are no roots at 1, or equivalently, det( ) 6 = 0; then x t is stationary. 14 In contrast, if at least one real-valued unit root exists (i.e. = 1) or equivalently det( ) = 0; then x t is non-stationary. In other words, has reduced rank, r < 5; which is parameterized as a non-linear restriction on in (3), that is,
where the matrices and are 5 r of rank r: If furthermore, det( 
where z is 4 r, h is 1 r; z;1 is 4 5; h;1 is 1 5; z is 4 d; h is 1 d and with the covariance matrix decomposed as, = ( i;j ) for i = z; h and j = z; h where zz is 4 4, hz is 1 4, zh is 4 1, hh is 1 1. As mentioned, imposing weak exogeneity of h t , implying h = 0, e¢ cient inference about may then be conducted based on the conditional model of z t given h t and the past, given by, In terms of (6), the working hypothesis implies, two cointegrating relations ( is 5 2 of rank 2),
198
which are restricted and normalized corresponding to (1) and (2) (1996) . Hence, r times r 1 just identifying restrictions are imposed on the cointegrating 215 space, implying that it is possible to estimate the two long-run relations and obtain standard errors for the 216 long-run coe¢ cients. The latter can then be used to assess the signi…cance of (or lack of) the cointegrating 217 coe¢ cients and thus reduce the model accordingly by excluding insigni…cant coe¢ cients. In this way the 218 present econometric approach is a compromise between a priori information, the working hypothesis, and 219 data-led analysis (well-speci…ed unrestricted VAR and model reductions based on insigni…cance).
220
In practice, obtaining a well-speci…ed model requires taking account of in ‡uential events that the model
221
is not intended to explain and that may obscure and bias the estimation of the structural relations. This is trends. If the breaks cancel, which is assessed by testing a zero restriction on the respective cointegration coe¢ cient, the shift dummy is excluded from the cointegration relations, and an unrestricted impulse With the working hypothesis as the point of departure, the purpose is now to estimate cointegrating 237 relations between the variables, ey t ; oy t ; pr e t ; and pr o t ; given h t ; for each of the eight subsectors.
238
The speci…cations of the unrestricted partial VAR models for each subsector are given in Table 2 .
239
The table lists the lag length (either 1 or 2) and the years for the various dummy variables, which were
240
necessary to obtain a well-speci…ed unrestricted model with constant parameters for each subsector. It
241
appears from the table that in most cases the years for the breaks coincide with major exogenous events.
242
For example, breaks were needed for 1973-74 and 1978-79 to take account of the two major energy large thereby prohibiting the computation. In any case, the existence of (moderate) heteroscedasticity is 259 usually not crucial for the long-run estimates. In addition to the error term assumptions, as assessed by 260 these misspeci…cation tests, the assumption of constant parameters was also assessed in connection with 261 specifying the models cf. Table 2 , and constancy could be accepted for the unrestricted partial VARs.
262
This assumption is further assessed, by recursive estimation, for the cointegrated models below. 1970, 1974, 1979, 2009 Altogether, given the misspeci…cation tests in Appendix B, all models seem reasonably well-speci…ed.
264
Given this one can turn to the cointegrating analysis, that is the statistical inference about the cointe-
265
grating rank. Even though the working hypothesis implies r = 2; it should be checked that this restriction
266
is not completely contradicting the evidence based on the unrestricted estimation. The results from ap-
267
plying the top-down testing procedure for the trace test, as described in Johansen (1996) , are given in 268 considering all these pieces of information for all industries are summarized in Table 3 . as the only restriction imposed. Henceforth, this is referred to as the p-value of the overall restriction.
279
293
Since the method is the same for all eight subsectors most space for explanations has been devoted in 294 connection with describing the …rst subsector, Agriculture.
295
Agriculture: The estimates of the restricted versions of z and in (6) are given in the …rst part 296 of is also signi…cant and of similar magnitude (0.14), whereas the cross-price coe¢ cient is somewhat lower, 306 0.06, and with a relatively low t-value (-1.51). In fact the latter could be restricted to zero, but since this 307 did not change any of the obtained conclusions and since the sign is as expected, it was chosen to let pr e t 308 remain in the demand relation for other energy.
309
Note that, the term, "coe¢ cient" as opposed to "long-run elasticity" or even "long-run e¤ect", is 310 used. This is to stress that in general the cointegrating coe¢ cients cannot be interpreted as such.
Instead, the notions of long-run elasticities and long-run e¤ects are de…ned explicitly in the context of 312 the impulse-response experiment in Section 4.
313
The heating degree days estimate suggests that more heating degree days in a year will increase 314 electricity demand. Note that, this is borderline insigni…cant (t = 1:69) and can be removed although 315 this does not change the obtained conclusions. Since the sign is as expected, it was chosen to let h t 316 remain in the electricity relation.
317
Turning to the adjustment matrix, b z ; the last two rows show that both ey t and oy t adjust towards 318 equilibrium whenever pushed away from this. In particular, electricity consumption adjusts downwards if 319 above the long-run demand (and vice versa), cf. the negative adjustment coe¢ cient, 0:44; which is highly 320 signi…cant (t= 8:41). For other energy the corresponding numbers are, 0:87 and -6.38, respectively.
321
Finally, note that the …rst two rows of the adjustment matrix, z ; contain zeros only consistent with the 322 exogeneity of the relative input prices as implied by the working hypothesis.
Food manufacturing: The estimation results for this subsector are given the second part of Table 4 .
324
The p-value for the overall restriction is 25%. Exogeneity of the relative input prices and signi…cant error 325 correction of both energy intensities are also supported. However, with the exception of the cross-price 326 coe¢ cient with respect to electricity in the second relation, the cointegrating coe¢ cients corresponding to 327 the relative input prices were all insigni…cant and could be restricted to zero, suggesting that substititution 328 in this subsector is negligible. The estimated cross-price coe¢ cient with respect to electricity in the second 329 relation, i.e. o in terms of (2) general equilibrium e¤ects between the two prices, and/or that the price-taking assumption is not suf-
342
…ciently realistic. The heating degree days estimates in b suggests that more heating degree days in a 343 year will increase electricity demand.
344
Other manufacturing: For this subsector the p-value for the overall restriction is 14%. The cross- unit of output is above its long-run value the working hypothesis as a whole is supported. In particular,
352
in addition to the own-price coe¢ cients, cross-price coe¢ cients, with the expected sign and of some 353 magnitude, suggest that changes in relative energy prices induce energy substitution for this subsector.
354
Finally, note that heating degree days could be excluded from both long-run relations.
355
Trade: The p-value for the overall restriction imposed by the working hypothesis is 37%. Exogeneity
356
of the relative input prices and signi…cant error correction of both energy intensities are also supported.
357
With the exception of a zero cross-price coe¢ cient in the electricity relation the remaining price coe¢ cients i.e. a negative own-price coe¢ cient and a positive cross-price coe¢ cient, both signi…cant. The relation 365 for other energy seems to be a simple heating demand relations with no price e¤ects. 
376
To assess parameter constancy and the robustness of test conclusions, i.e. with respect to the sign 377 and signi…cance of cointegrating estimates and the p-value of the overall restriction, towards sample 378 changes, forward recursive estimation of CVAR models restricted as in Table 4 , was performed for each 379 subsector. As discussed in the appendix, taking into account the anticipated variability in the beginning 380 of the forward recursive graphs (due to short-sample uncertainty), the analysis suggests that parameter 381 constancy seems reasonable and that the overall/joint restrictions are accepted for the vast majority of 382 subsamples. In addition, the conclusions from 
443
This is therefore best left for a separate paper which may use the present work as a building block.
444
Although one could consider the impulse-response analysis for the model with three cointegration 445 relations, it makes more sense to base the computations on the models from experiment on the models as estimated in Table 4 which have r = 2, the relevant picture of the dynamic 453 e¤ects of taxation is obtained.
454
The computations of the impulse-response functions are based on the estimated CVAR models which observations, corresponding to well-known extraordinary events, i.e. in the years 1973-74, 1978-79, 1986, 460 2009.
461
Since the price of other energy is exogenous, an impulse of 25% at t 0 will raise this price by 25%, for 462 t 0 + 1; t 0 + 2; t 0 + 3 etc., resembling a tax increase. However, for the …ve subsectors analyzed in this and Machine-and vehicle manufacturing this is not the case and this implies that a 25% negative impulse 465 at t 0 to electricity prices will not imply a long-run (permanent) decrease of 25%, due to the feedback from 466 the other variables on electricity prices. It is therefore more reasonable to normalize the impulse so that 467 it produces a decrease of 25% in the long run in electricity prices and then look at the long-run e¤ects on 468 the intensities. This can be done by using the equations C = h; where C is the long-run impact matrix,
469
is the impulse (unknown and to be solved for, for electricity prices) and h includes the chosen long-run case.
472
The graphs of the impulse-response functions for the energy intensities are given in Figure 3 For Construction the impulse-response analysis is slightly more complicated due to more involved 500 adjustment dynamics of the system, which is re ‡ected in the non-zero adjustment coe¢ cient in the …rst 501 entry of b z . However, concerning the long-run e¤ects (of the 25% long-run changes in both prices), the results suggest that for this sector a tax reform could be highly e¤ective. In particular, in the long run the 503 intensity of electricity rises by 85.85% while the intensity of other energy drops by as much as 101.50%.
504
Finally, note that most of the long-run e¤ect is reached within a decade for all …ve sectors, but also 505 that there are di¤erences in the adjustment process. For example, for Agriculture the long-run e¤ect on 506 other energy is already reached (roughly) after three years, whereas for Other services, the e¤ect after 507 three years is quite di¤erent from the corresponding long-run e¤ect, which is reached after roughly 20 508 years.
509
To sum up, the impulse-response results are well-behaved and although there are di¤erences in magni-510 tudes across the subsectors, they suggest that changing relative prices by imposing taxes, can be a means 511 of inducing substitution. presumably contribute more e¤ectively to the green transition.
535
The disaggregate or subsectorial approach revealed large behavioural di¤erences across the subsectors.
536
For internationally integrated economies, such as the Danish, this insight contributes valuable information 537 with respect to long-term forecasting of aggregate energy demand and substitution, since over longer time 538 horizons, the subsector composition is bound to change substantially, for example as a result of increasing 539 international trade.
540
The study contributes new insights to the literature on energy demand and substitution, which in spite 541 of being vast contains very few econometric analyses which consider electricity demand and substitution 542 at the subsector level.
543
A number of possible extensions and paths for future research to follow suggest themselves. For exam-544 ple, it could be fruitful to apply the present analysis to time series data from other countries. Obviously 545 the other Scandinavian economies for which detailed high-quality data are also available, could be con-546 sidered. However, also for developing countries, for which the subsector composition is likely to undergo 547 large changes in the future, a disaggregate approach seems promising for improving long-term energy forecasting. Secondly, as mentioned the impulse-response experiment conducted here is to some extent 549 stylized, and hence, could be augmented in order to consider more complex and realistic tax policies.
550
From an econometric point of view there are also a number of extensions which could be interesting to 551 consider. For example, as it appears from the time plots of the intensities these graphs are rather smooth.
552
This suggests that, as an alternative to the present approach, which models ratio-transformed variables 553 by an I(1) CVAR with trends and level shifts, one could consider an I(2) approximation, supposedly 554 for the original variables. Another possibility is that the data are better modelled by including some 555 non-linearity in the form of thresholds in the adjustment to the long-run equilibrium deviations (see e.g.
556
Bec and Rahbek, 2004). For example, it seems reasonable that, an increase in the price of other energy 557 has to be of some magnitude, in order for the consumer to react, in the sense of undertaking long-term 558 investments in new electricity intensive capital. in Table 4 are now brie ‡y commented on.
699
Starting with the trend a relatively unanimous picture emerges. The trend coe¢ cient estimates are for 700 the most part negative, with the most pronounced exceptions in Other manufacturing and Construction.
701
Taking Agriculture as an example, the negative trend estimate of 0.01 in the cointegrating relation,
702
suggests that steady state electricity demand (per unit of output) shifts to the left in a (ey; pr e ) diagram
703
at an annual rate of 1%, whereas the demand curve for other energy shifts 2% per year. 26 As mentioned 704 such gradual decrease in energy intensities most likely re ‡ect energy savings resulting from gradual 705 technological progress and the gains from economies of scale (fewer but larger and more e¢ cient farms).
706
Although di¤erent dummies were needed for di¤erent subsectors, there are some common. First of all, 707 the turn of the 60s to the 70s marks a signi…cant shift in energy demand relative to output. In particular,
708
for four subsectors, the years 1969-1970 were associated with a long-run upward shift in energy intensities,
709
ranging from 17% (Other services) to 42% (Agriculture) for electricity and around 20% for other energy.
710
There can be several reasons for this and it must be kept in mind that it is the ratio of energy to Gross
711
Output that shifts, implying that both the numerator and the denominator could fall, but if the latter 712 decreases the most, the ratio will increase. Here, the rise in the intensities for Agriculture and Food
713
manufacturing were due to a recession in output, whereas for Machine and vehicle manufacturing and
714
Other services there was a large increase in the consumption of other energy.
715
The years 1974/75 were the wake of the …rst energy crisis. It appears that the manufacturing indus- it possible to assess the robustness of the full-sample test conclusions towards the shorter subsamples.
754
The last panel plots the recursively calculated LR test statistic corresponding to the overall test, with 755 acceptance at the 1% level when the graph is below the line.
756
Before assessing the graphs it should be noted that since the baseline sample is relatively short, some 757 variability in the beginning of the graphs of both the estimates and the LR statistic is always expected.
758
Henceforth, this variability is referred to as short-sample uncertainty. Note also that, in the recursions sample. However, in both cases magnitudes do not seem alarming. Hence, given the expected short-771 sample uncertainty and the fact that in practice there is always some minor variability throughout the 772 graphs, parameter constancy seems to be a reasonable assumption.
773
For the LR test of the overall restrictions imposed in Table 4 , in four out of the eight cases, the 774 restrictions can be jointly accepted for all subsamples. For the remaining half, rejection takes place only 775 in the beginning and can supposedly be ascribed to short-sample uncertainty, at least partly.
776
Focussing on the own and cross-price coe¢ cients, the conclusions with respect to the signi…cance of 777 the full-sample cointegrating estimates in Table 4 are very robust. In particular, with the exceptions of 778 the estimated own-price coe¢ cient for electricity in Agriculture and the cross-price coe¢ cient for other 779 energy in Trade, all signi…cance conclusions obtained in Table 4 hold. In addition, even for these two 780 cases the graphs are relatively stable and the change from signi…cance to insigni…cance is not large.
781
To sum up, given that some variability in the beginning of the recursive graphs is always anticipated 782 due to short-sample uncertainty, the overall impression from the forward recursive analyses is that,
783
parameter constancy seems reasonable, the overall restrictions seem to be accepted for the vast majority 784 of subsamples, and …nally, that the conclusions, as obtained in Table 4 , with respect to signi…cance of individual price coe¢ cients, are rather robust towards the shorter subsamples. Table 3 in Section 3 suggests that although two cointegrating relations is a reasonable choice, consistent 806 with the working hypothesis, there is some indication of an additional cointegrating relation, although 807 this is more relevant for some of the subsectors than others. In this appendix it is therefore attempted to 808 identify an additional relation jointly with the existing restrictions on the two …rst cointegrating relations.
809
The purpose is to assess the robustness of the estimates of the two existing cointegration relations towards 810 adding a third relation and not the latter as such.
811
Since the number of restrictions on each cointegrating vector that are required for (just) identi…cation 812 equals r 1; there must now be at least two restrictions on each vector, which must ful…ll the rank 813 conditions for generic identi…cation (see Chapter 5 in Johansen, 1996) . 27 As before, only the r 1 814 restrictions on needed for just identi…cation were imposed on the new relation initially and then 815 insigni…cant variables were removed from the cointegrating relations.
816
A third relation is to some extent expected. In particular, for each subsector bivariate plots of the 817 relative input prices suggested that these two variables cointegrate (conditional on the breaks). Since 818 some of the components, primarily coal but also oil, in particular, are inputs into electricity production,
819
it is expected that the price level of these inputs will in ‡uence electricity prices in the longer term. Hence, 820 the third relation is common for all eight subsectors. The price of these components (of other energy)
821
should reasonably be exogenous to the Danish economy. Therefore, when augmenting with another 822 cointegrating relation, it was an obvious approach to retain the assumption that the price of other energy 823 was exogenous, i.e. a zero row in the z matrix. However, as this is a testable restriction this was tested 824 and accepted in all cases except for Agriculture. On the other hand one would expect signi…cant error 825 correcting adjustment of the relative electricity price to the new relation. Therefore, for z ; only the …rst 826 two adjustment coe¢ cients in the row corresponding to the relative electricity price, were restricted to 827 zero as before (when r = 2). Finally, both intensities were initially allowed to adjust to the new relation 828 and if insigni…cantly, the adjustment coe¢ cients were set to zero. 0:00 0:00 0:14
829
The most important exception, relating to the electricity relation, is that for Agriculture, for which 840 both own and cross-price coe¢ cients become insigni…cant (and are therefore set to zero). Also, for 
